Phonons are well-known to be the main mechanism for the coupling between bright and dark excitons in nonmagnetic semiconductors. Here, we investigate diluted magnetic semiconductors where this process is in direct competition with the scattering at localized magnetic impurities. To this end, a recently developed quantum kinetic description of the exciton spin dynamics in diluted magnetic semiconductor quantum wells is extended by the scattering with longitudinal acoustic phonons. A strong phonon impact is found in the redistribution of exciton momenta on the exciton parabola that becomes especially prominent for high temperatures and exciton distributions further away from the exciton resonance which are optically dark. Despite their impact on the energetic redistribution, acoustic phonons virtually do not affected the exciton spin dynamics as the excitonimpurity interaction always dominates. Furthermore, it turns out that the exciton spin lifetime increases by roughly one order of magnitude for non-equilibrium hot exciton distributions and, in addition, pronounced quantum kinetic signatures in the exciton spin dynamics appearing after resonant optical excitation are drastically reduced.
I. INTRODUCTION
Optical experiments on semiconductor nanostructures often use integrated or time-resolved photoluminsecence (PL) measurements to access physical quantities of interest. In such measurements, the exact position of excitons on the respective exciton parabola and, thus, their kinetic energies directly influences the measured signal since only excitons with nearly vanishing center-of-mass momenta are optically active. Redistribution mechanisms of excitons, i.e., processes that change their exciton kinetic energy, thus either indirectly affect the PL rise time or can be directly probed by monitoring the longitudinaloptical (LO) phonon-assisted PL 1 . In semiconductors, one of the most important redistribution mechanisms is the scattering with either longitudinal-acoustic (LA) or LO phonons [1] [2] [3] as it is nonelastic in nature so that a significant amount of kinetic energy can be exchanged between the phonon and the carrier system. However, it was also found that static disorder, e.g., due to impurities or surface roughness, can have an impact on the exciton distribution 4, 5 . Furthermore, the redistribution of excitons to higher kinetic energies can also have consequences for the spin dynamics 6, 7 .
Although one usually tries to avoid any impurities in semiconductors in order to get as pure materials as possible, purposely doping semiconductors is a versatile technique to controllably alter intrinsic properties. In this context, the material class of diluted magnetic semiconductors (DMSs) [8] [9] [10] [11] , where impurity ions with large magnetic moments such as manganese are incorporated in a standard semiconductor lattice, displays rich physics in many different aspects. For example, such a material can act as a spin aligner for an electronic current in a light-emitting diode 12 , excitonic transitions in DMSs can be used for the purposes of spin-noise spectroscopy 13 , and the material class is also promising for spintronics applications [14] [15] [16] [17] . The doping with magnetic ions also introduces a carrier-impurity exchange scattering, which often plays the dominant role in the carrier spin dynamics 9 . In DMSs, the majority of studies regarding the ultrafast spin dynamics is conducted at very low temperatures [18] [19] [20] , so that phonon effects are often disregarded. However, when dealing with optical excitations above the band gap where carriers can show effective temperatures on the order of 10 4 K 21 or when considering hot excitons which are prepared by above band-gap excitation and subsequent femtosecond relaxation via the emission of LO phonons 1, 22, 23 , phonon effects evidently become important. Since LO phonon relaxation typically occurs on much faster timescales than LA phonon relaxation, many theoretical works dealing with the spin dynamics in DMSs focus primarily on the former mechanism [24] [25] [26] [27] . In contrast, in the case of resonantly excited excitons, LO phonon emission is strongly suppressed since excitons have nearly vanishing kinetic energies, thus making it impossible to emit an LO phonon which carries an energy of about 30 meV 27 since there are no states available with lower energies. Furthermore, at low enough temperatures below approximately 80 K, LO phonon absorption processes are also absent and LA phonons dominate 28 . In general, DMSs are known to exhibit pronounced many-body correlation effects [29] [30] [31] which, when treated beyond the usually employed Markov approximation, lead to a significant reduction of the exciton spin-transfer rate 6 as well as an unexpected trend reversal in their dependence on an external mangetic field 7 . However, these findings have been obtained only at nearly vanishing temperatures, completely neglecting the phonon scattering. Apart from a derivation of the necessary equations in the exciton representation for quantum well systems, this work provides the foundations to study the dynamics of excitons on a quantum kinetic level at elevated temper-atures.
Here, we consider the subclass of II-VI DMS quantum well nanostructures where the impurity ions are isoelectronic, i.e., they do not lead to charge doping in the system. As a first application, we focus on DMSs without an external magnetic field and investigate the impact of finite temperatures on the exciton distribution as well as the temperature dependence of spin-transfer rates while varying parameters such as the impurity content. Since phonon emission processes are highly suppressed for the narrow optically generated exciton distributions, we also consider hot excitons where especially phonon emission is expected to be much more effective. In all cases, a particular focus is placed on the competition between the scattering of excitons at the localized impurities in DMSs compared with the phonon scattering. To gain insights into the importance and the signatures of nonMarkovian effects, results of a standard Markovian treatment of the exciton-impurity scattering coinciding with Fermi's golden rule are presented together with the quantum kinetic approach, where correlations between excitons and impurities are explicitly taken into account.
We find a pronounced phonon influence on the timeresolved redistribution of the exciton momenta which can already be seen for optically generated excitons and is further enhanced for hot exciton distributions. Quantitatively, this influence most strikingly manifests in a pronounced increase of the kinetic energy per exciton when phonons are accounted for. However, despite the strong impact on the exciton occupation, the exciton spin dynamics shows little to no change with temperature, indicating a clear dominance of the magnetic exchange interaction. Our simulations also support the previously obtained finding that quantum kinetic effects in the spin dynamics are particularly pronounced for narrow carrier distributions close to sharp features in the density of states 32 . Here, this statement is corroborated by the observation that exciton spin-transfer rates for hot excitons are well described by a Markovian theory, which is in drastic contrast to resonantly excited excitons where the Markovian description strongly overestimates the decay. Nevertheless, quantum kinetic effects prevail in the time-resolved redistribution of exciton momenta for both excitation scenarios. It is also found that the hot excitons display significantly longer spin lifetimes than resonantly excited electron-hole pairs.
II. MODEL AND PHONON-INDUCED DYNAMICS
In this section the Hamiltonian of our model is presented and discussed. Furthermore, we briefly discuss the derivation of quantum kinetic equations and explicitly extend them by phonon rate equations. 0 q , where e is the elementary charge, 0 denotes the vacuum permittivity, and is the static dielectric constant. Note that the direct Coulomb interaction is actually comprised of three terms, namely the electron-electron, hole-hole, and electron-hole interaction. However, since it turns out that only the latter yields a finite contribution in the equations of motion up to third order in the driving field 33 , we only write down the relevant electron-hole scattering here. The light-matter coupling is given by H lm , where E denotes the electric field and M lv is the transition dipole.
In DMSs, the dominant contribution to the spin dynamics is typically given by the magnetic s-d and p-d exchange interactions 9 for conduction band electrons and valence band holes, respectively, which are subsumed in H m . There, J sd and J pd are the respective coupling constants and V is the volume of the semiconductor. The vector of electron (hole) spin matrices is given by s e ll = σ ll (s h vv = J vv ) with the vector of Pauli matrices σ ll and the vector of angular momentum matrices J vv , where v, v ∈ {−3/2, −1/2, 1/2, 3/2}. The impurity spin is decomposed into the vector of spin matrices S nn with n, n ∈ {−5/2, −3/2, ..., 5/2} and the operatorP I nn = |I, n I, n |, where |I, n is the nth spin state of the Ith impurity atom and R I refers to its position in the lattice. Using this representation allows us to straightforwardly discriminate between impurity operators evaluated at the same site and at different sites, which turns out to be crucial to obtain the correct scaling behavior of the carrier-impurity spin exchange 34 . Due to the local band-gap mismatch that is created upon doping there also arises a nonmagnetic carrier-impurity interaction H nm , which we model as a contact-like interaction similar to H m with coupling constants J . We use bulk phonon modes due to the relatively small change of the lattice constant with impurity content for the small doping fractions typically found in DMSs 10 and limit the description to longitudinal acoustic (LA) phonons, which has been found to dominate exciton line widths in semiconductors below 80 K 28 . Furthermore, when focusing on excitations below the band gap near the exciton ground state the polar piezoelectric scattering is reduced since excitons are neutral quasiparticles and deformation potential coupling dominates 3 . The corresponding coupling constants thus read
for a semiconductor with density ρ, longitudinal sound velocity v, and deformation potential constants D e,h for the conduction and the valence band, respectively. Since we only consider excitons with small or even nearly vanishing center-of-mass momenta, a linear phonon dispersion ω ph q = vq is assumed.
B. Phonon rate equations
Quantum kinetic equations for the exciton spin dynamics based on the Hamiltonian given by Eqs. (1a)-(1e) have been derived in Ref. 6 in second order in the laser field within the dynamics-controlled truncation scheme (DCT) 33 . Correlations between excitons and impurities are kept as explicit dynamical variables by applying a correlation expansion and the final equations are formulated in the exciton basis, which is convenient to model excitations below the band gap. Within this framework, the exciton variables directly related to observables such as the optical polarization or the exciton density are those not involving impurity or phonon operators. They are given by
2 xK ) denotes the creation (annihilation) operator for an exciton with quantum number x and two-dimensional center-of-mass wave vector K. The spin state of the electron is given by σ and the angular momentum quantum number for the holes is −3/2, reflecting an optical excitation with σ − polarization. We focus on semiconductors with a sufficiently large splitting between heavy hole (hh) and light hole (lh) states such that only the electron-spin part of the exciton needs to be considered. Neglecting the long-range electron-hole exchange because of its much smaller interaction energy compared with the magnetic scattering 7 , one obtains a pinned hh spin state due to the energetic penalty of an intermediate occupation of a lh state involved in a hh spin flip [36] [37] [38] [39] . All remaining impurity-assisted variables are discussed in Appendix A and may be found in Ref. 6 .
Neglecting cross terms between phonon-and impurityassisted variables, the phonon-induced contributions in the Markov approximation to the equations of motion can be written as
Since the exciton coherences Y σ1 x10 are only driven at K = 0, the sum in Eq. (4a) only needs to be performed once and yields an effective decay rate Γ ph which no longer depends on K. The terms in Eq. (4b) can be classified in terms of phonon emission and absorption processes depending on whether they are proportional to 1+n ph (∆ω) or n ph (∆ω), respectively, where n ph denotes the thermal phonon occupation given by 1/(exp ( ∆ω/k B T )−1). Energy conservation is ensured by the Heaviside step function Θ(∆ω) and ω xK = E x + 2 K 2 /2M with the exciton mass M is the exciton kinetic energy measured with respect to the exciton ground state, i.e., where the notation is such that E 1s = 0 and E x > 0 for x = 1s. The confinement of the excitons to the quantum well plane is taken into account by projecting the coupling to the LA phonons down to the energetically lowest well states. Finally, the phonon matrix elements can be written as
with
Here, infinitely high quantum well barriers are assumed so that the phonon form factor becomes
An explicit expression for the exciton form factors F η2K1K2 η1x1x2 can be found together with the full quantum kinetic equations of motion for the exciton ground state in Appendix A. Regarding the scattering with the magnetic ions we focus on the low carrier-density regime compared with the density of impurities, which allows us to describe the impurity spin density matrix by its thermal equilibrium value using the phonon temperature throughout the dynamics 40 . It should be noted that it is important to first transform the equations of motion due to the carrier-phonon coupling into the exciton basis before the Markov approximation is applied. This is because, in the Markov approximation, one actively selects the final states which are occupied in the long-time limit since the corresponding energies directly end up in the energy-conserving delta functions (cf. Appendix in Ref. 3) . Thus, when below band-gap excitations are considered so that excitons rather than quasi-free carriers are excited, a transformation to the exciton basis before introduction the Markov approximation ensures that the correct correlated pair energies appear in Eqs. (4) .
Finally, in order to identify quantum kinetic signatures in the exciton dynamics, we also discuss the Markov limit of the exciton-impurity scattering 6 . In this approximation, all quantum kinetic effects are removed and only Markovian scattering processes without any memory remain. The corresponding equations can be found in Appendix B.
III. RESONANT EXCITATION
In the following, the phonon impact on the exciton dynamics is investigated numerically for Zn 1−x Mn x Se quantum wells. Special emphasis is put on a comparison of results where all scattering mechanisms are treated as Markovian processes without memory and calculations where the Markov approximation is only employed for the phonon scattering, but the exciton-impurity exchange interaction is accounted for on a quantum kinetic level so that many-body effects beyond a Markovian theory are captured. Although quantum kinetic effects have also been studied for the carrier-phonon interaction in semiconductor nanostructures, most studies have been performed for LO phonons and the resulting carrier dynamics is typically found to be close to the results of a rate-equation approach [24] [25] [26] . An indicator for the importance of quantum kinetic effects is the amount of correlation energy in the system, which is negligible for LA phonons compared with the exciton-impurity correlation energy 31 . Furthermore, while a treatment beyond the Markov limit is required to capture an energetic redistribution of excitons due to the exchange interaction, the scattering with phonons involves such a redistribution already on the Markov level. All in all, it follows that a quantum kinetic treatment is more important for the exciton-impurity interaction than for the exciton-phonon scattering so that a purely Markovian description of the latter can be expected to suffice.
A. Occupation of the exciton parabola
To find out to what extent phonons can be expected to impact the dynamics of excitons, we perform simulations for a 15 nm wide Zn 1−x Mn x Se quantum well under resonant optical excitation of the 1s-hh exciton. Except for studies where the doping concentration is varied explicitly, we focus on samples with x = 2.5%. To minimize the impact of the laser, the pulse length is chosen to be 100 fs and is thus short compared with typical timescales of the dynamics 6, 7, 19, 34, [41] [42] [43] . The remaining relevant parameters used for the numerical simulations are collected in Tab. I.
It is well-known that the redistribution of exciton kinetic energies due to phonon scattering leaves a fingerprint in time-resolved studies of the occupation on the 1s exciton parabola, which is also accessible in experiments 1,2,5 . To investigate this impact, Fig. 1 shows the time-and energy-resolved occupation of the exciton ground state obtained by the quantum kinetic calculation with and without phonons as well as its Markov limit. Using the Markov approximation strictly enforces energy conservation where, however, interaction energies are completely disregarded.
This implies that the exciton-impurity scattering in the Markov approximation is unable to change the kinetic energy of excitons since it is a completely elastic process. This can be directly seen in Eq. (B1), where the frequency of an exciton remains unchanged during the spin-flip process. Thus, any finite occupation of exciton kinetic energies in the Markovian theory seen in the bottom row of Fig. 1 is purely due to phonons. The phonon influence increases with increasing temperature because phonon emission is prohibited for optically generated excitons so that phonon absorption process are required to affect the exciton occupation. Figure 1 also reveals that not only are higher kinetic energies reached at elevated temperatures, the scattering also becomes noticeably faster. While for 10 K only states below 2 meV are occupied after more than 100 ps, at 80 K exciton kinetic energies exceed 4 meV after approximately 50 ps.
Previous works have shown that, when treating the exciton-impurity scattering on a quantum kinetic level, one obtains a significant redistribution of exciton kinetic energies which is accompanied by a build-up of a many-body correlation energy 6, 7, 31, 49 . In the top row of Fig. 1 , where the interaction with phonons is completely switched off so that only the exchange interaction remains, this manifests in an occupation of exciton states with high kinetic energies up to 4 meV and above. Note that the higher-energy states are not uniformly occupied; rather, a typical pattern appears which is caused by the memory kernel due to the exciton-impurity interaction. Since this memory kernel is proportional to
, it is large for short times and small energies and shows a damped oscillation for larger times 6 . This is a manifestation of the energy-time uncertainty which allows the vi- olation of strict single-particle energy conservation rules on short timescales. Here, this effect is combined with a relaxation of the system to a new energy eigenstate that forms as a result of the interaction between excitons and impurities when correlations between them are accounted for. This is why elevated exciton kinetic energies remain occupied even in the long-time limit.
Comparing the top row in Fig. 1 with the bottom row, it becomes clear that the quantum kinetic redistribution is much stronger as well as faster than the phononinduced scattering, which can be seen from the fact that after only a few picoseconds energies up to 4 meV and above are occupied even at a low temperature of 10 K. However, when comparing the quantum kinetic calculations for different temperatures, one can still clearly see the phonon influence by looking at excitons at very low energies. There, the occupation visibly decreases with time just like in the Markovian case, suggesting that phonons cause a smoothing out of the overall exciton occupation, which is still peaked near E = 0 in the quantum kinetic case at 10 K. All in all, phonons thus cause a more efficient coupling of excitons with vanishing center-of-mass motion towards the optically dark states away from K = 0, especially at elevated temperatures.
The phonon influence on the exciton occupation can also be studied on a more quantitative level by looking at the kinetic energy per exciton, which is indicated in Fig. 1 by a dashed line. As mentioned before, when the scattering of excitons with impurities is described on the Markovian level, there is no way for excitons to change their kinetic energy after the optical pulse except via the emission or absorption of phonons. Thus, the increase of the kinetic energy per exciton observed in Fig. 1(g)-(i) is exclusively due to phonon scattering and consistently increases with rising temperature. To be specific, phonon absorption processes cause the excitons to reach energies in excess of 2 meV on the order of 100 ps at 80 K. The kinetic energy per exciton also directly reflects the many-body correlation energy per exciton that is built up after the optical excitation due to the non-Markovian nature of the exciton-impurity exchange interaction 6 . From Fig. 1(a) -(c), a kinetic energy per exciton of about 1.5 meV can be determined for the parameters considered here, which is significantly larger than the phonon contribution for low temperatures and only becomes smaller than the phonon-induced kinetic energy at temperatures exceeding a few 10 K. As discussed previously in terms of the redistribution of excitons towards the optically dark states, the phonon impact is also clearly visible in the increase of the kinetic energy per exciton in Fig. 1(d)-(f) . At a temperature of 80 K, the combined influence of the many-body correlations and the phonon scattering even cause energies in excess of 3 meV.
B. Exciton spin-transfer rates
Although phonons do not introduce spin-flip transitions, at least not without some type of spin-orbit coupling, they do cause a significant change in the kinetic energy of excitons by either phonon absorption or emission processes. Thus, it is an interesting question to ask whether these processes also affect the spin dynamics of excitons in DMSs, for which the magnetic exchange interaction is commonly regarded as the most important process 9 . As a measure for the spin dynamics, Fig. 2 shows the spin-transfer rate for the exciton-bound electron as a function of temperature. Since the spin dynamics is nonexponential in general 6,7 , the rate is extracted as the inverse time that it takes the spin to decay to 1 e of its maximum value after the optical pulse.
Focusing first on the results when the exciton-impurity scattering is treated as a Markovian process, we find that phonons cause a slowdown of the spin-transfer rate which becomes more significant with rising temperature. Whereas the phonon influence is completely negligible for temperatures below 4 K, at a temperature of 80 K phonons cause a change in the rate of approximately 5 %. This behavior is directly connected to the redistribution of exciton momenta caused by the interaction with LA phonons. Remembering that we are considering optically created excitons with quasi-vanishing wave vector, it is clear that phonons have almost no impact on the spin dynamics for very low temperatures since in this case phonon absorption processes are highly suppressed. Such processes are, however, required to change the exciton kinetic energy as phonon emission is prohibited for optically created excitons because there are no states available with lower energies to scatter to. As the temperature increases, phonon absorption processes become increasingly probable. Since the exciton-phonon interaction is spin conserving and phonon emission is suppressed, the scattering of an exciton by a phonon thus increases its kinetic energy on average.
The observed slowdown of the spin-transfer rate with increasing temperature in Fig. 2 for the Markovian approximation is directly related to the previously introduced exciton form factor F η h K1K2 η h 1s1s , whose diagonal is one for K = 0 and quickly decreases for larger center-ofmass momenta, i.e., larger kinetic energies 6, 38 . Since the exciton form factor enters the rate obtained in Fermi's golden rule [cf. also Eq. (B1)] which, for an exciton with kinetic energy ω, is given by
the rate becomes smaller when the form factor is evaluated at larger energies. In the above notation, the centerof-mass momentum of an exciton is connected with its frequency via the usual relation ω = with rising temperature follows from the increase of the kinetic energy per exciton observed in Fig. 1(g)-(i) . On the other hand, when the quantum kinetic theory is used to calculate the rates, the phonon influence is more or less absent since there is already a significant kinetic energy per exciton even without phonons [cf. Fig. 1(a)-(c) ].
Turning to the quantum kinetic results in Fig. 2 , one first of all notices a generally lower spin-transfer rate compared with the Markovian results, an effect which is due to the abrupt disappearance of the density of states at the onset of the exciton parabola which effectively cuts off the memory kernel appearing in the quantum kinetic treatment of the exciton-impurity interaction 6, 7 . Concerning the phonon influence, however, the spin-transfer rate is entirely dominated by the exchange interaction and remains constant over the whole temperature range considered here. Surprisingly, even though phonons increase the redistribution of excitons towards optically dark states, their effect on the spin dynamics is marginal. It should be noted here that this behavior is expected to change drastically when optical phonon scattering becomes important, which is either at higher temperatures or when looking at hot excitons with kinetic energies above the LO phonon threshold 1, 3, 22, 23, 50 .
The observation that the exchange scattering dominates over the phonon scattering remains valid also for lower doping fractions, as can be seen in Fig. 3 where the spin-transfer rate in the Markov approximation and using the quantum kinetic theory is depicted as a function of the impurity concentration for two different temperatures. Again, when the exciton-impurity scattering is treated as a Markovian process, a slight phonon influence is visible when going from 2 K to 20 K. In contrast, the quantum kinetic result remains virtually unaffected by the increase in temperature.
IV. HOT EXCITONS
Having discussed the phonon impact on resonantly excited excitons, we now turn to an initially nonequilibrium exciton distribution, also referred to as hot excitons, that can be generated, e.g., by optical excitation above the band gap and subsequent formation of excitons on the 1s parabola via fast LO phonon emission 1 . Apart from the resulting exciton spin-transfer rates, also the dynamics of the exciton distribution is investigated.
A. Time evolution of the exciton distribution
Since for the case of resonant optical excitation the phonon impact is most clearly visible in the time evolution of the exciton distribution, it is interesting to ask the question whether this is true also for hot excitons. As in the previous section, we focus on a 15 nm wide Zn 1−x Mn x Se DMS quantum well at varying temperatures and consider a Mn content of x = 2.5% if the doping concentration is not varied explicitly. However, instead of modeling a resonant optical excitation of the 1s exciton, we instead consider an initially hot exciton distribution far away from K = 0 as created, e.g., by LO phonon emission after above band-gap excitation 1, 22, 23 . For the numerical simulations, we assume a Gaussian distribution on the 1s exciton parabola centered at an energy of 10 meV with a standard deviation of 1 meV, which translates to a distribution with a FWHM of roughly 2.5 meV similar to what has been observed in experiments 1 . The remaining parameters are the same as in Tab. I. Figure 4 displays several snapshots of the exciton distribution for two different temperatures as calculated by either the quantum kinetic or the Markovian theory. Focusing first of all on the Markovian results in Fig. 4(c) and Fig. 4(d) , the phonon influence clearly causes a broadening of the exciton distribution which becomes stronger at elevated temperatures. The asymmetry between phonon absorption and emission processes also affects the distributions since, for T = 4 K, only a broadening towards the low-energy side is observed while for 80 K there is also a significant broadening on the high-energy side. This is because, while phonon emission processes already occur even at very low temperatures, phonon absorption processes are proportional to the number of thermally excited phonons and therefore only become important at higher temperatures.
Turning to the quantum kinetic results in Fig. 4 (a) and Fig. 4(b) , it becomes clear that the redistribution is greatly enhanced due to the correlation energy already at very low temperatures, similar to what has been observed for resonantly excited excitons. Furthermore, a slight shift of the maximum of the exciton distribution towards lower energies is found, which is almost completely absent in the Markovian simulations. Figure 4 lation for low temperatures in Fig. 4(a) . Comparing the two figures in question with the respective Markovian results, it becomes clear that a purely Markovian theory significantly underestimates the population of bright exciton states.
B. Exciton spin-transfer rates
Looking at the spin-transfer rate of hot excitons as a function of temperature depicted in Fig. 5 , the most striking feature is that the spin relaxation is slowed down by an order of magnitude compared with the case of resonant optical excitation (cf. Fig. 2 ). As discussed already in Sec. IV B, this slowdown is directly related to the decrease of the exciton form factor for larger energies. Even though the hot exciton distribution is quite broad and thus covers a range of kinetic energies, the reduction of the form factor fits very well to the observed reduction of the rate. For the Markovian calculation without phonons, the rate after resonant optical excitation is approximately τ −1 res ≈ 0.417 ps −1 whereas for hot excitons it is given by τ −1 hot ≈ 0.083 ps −1 , which yields a ratio of about 0.2. For the parameters considered here, the exciton form factor is reduced to also approximately 0.2 when evaluated at an energy of 10 meV, thus quantitatively explaining the drastic reduction of the spin-transfer rate. Since shorter decay rates translate to longer spin lifetimes, this effect can potentially be utilized to protect any information encoded in the exciton spin degree of freedom.
Apart from this striking quantitative difference with respect to the case of resonant optical excitation, the results from the quantum kinetic theory are much closer to those obtained by the Markovian theory for hot excitons. Note the change in units from picoseconds in Fig. 2 to nanoseconds in Fig. 5 . This points to a drastic reduction of quantum kinetic effects on the spin dynamics for hot excitons, a finding which is expected since previous works have shown quantum kinetic effects to be particularly strong near sharp features in the density of states 6, 32 . The broad distribution of the hot excitons, which is a few meV away from the center of the exciton parabola where the constant density of states is abruptly cut off, thus largely inhibits pronounced non-Markovian features in the spin dynamics so that a Markovian approach yields very similar decay rates.
Turning finally to the phonon influence on the spin dynamics, Fig. 5 reveals a similar behavior as already found for resonant excitation in Fig. 2 , namely that phonons only marginally influence the spin dynamics overall. Thus, even though the impact of phonons on the dynamics of the exciton occupation is even stronger for hot excitons, the spin dynamics is once more dominated by the exchange interaction. However, compared with Fig. 2 , here phonons are found to slightly increase the spin-transfer rate in the quantum kinetic as well as the Markovian simulation. In addition, instead of a slowdown of the rate, even without phonons the quantum kinetic theory predicts a slightly larger spin-transfer rate compared with the Markovian results in the case of hot excitons. It can be argued that these two observations rely on a similar mechanism which, however, stems from completely different physical processes. Including phonons in the model evidently allows for a scattering of excitons towards lower energies which becomes stronger with higher temperatures. The resulting decrease of the kinetic energy of the scattered part of the exciton distribution then causes the spin-transfer rate to be evaluated at lower energies, where the exciton form factor is larger, which causes an increased spin-transfer rate. Since the quantum kinetic theory also predicts a strong redistribution of carrier momenta due to the correlation energy (cf. Fig. 1 ), the quantum kinetic rate is expected to increase for the same reason. The strong phonon impact on the exciton distribution found for the quantum kinetic simulations in Fig. 4 directly translates to the more pronounced phonon impact in the quantum kinetic simulations in Fig. 5 . Regarding the dependence of the spin-transfer rate on the doping fraction as plotted in Fig. 6 , we find only a small quantitative difference between the quantum kinetic and the Markovian theory for small doping fractions which becomes smaller with increasing impurity content. Similar to the case of resonant excitation, the phonon influence is again almost completely negligible for hot excitons on the scale of the figure. However, comparing Fig. 6 to the the case of resonant optical excitation in Fig. 3 and noting the change in units, we find much slower rates in accordance with the exciton form factor.
V. CONCLUSION
We have investigated the phonon impact on the exciton dynamics in diluted magnetic semiconductors. To this end, we have extended a quantum kinetic description of the exciton spin dynamics in DMS quantum wells by accounting for the scattering with LA phonons on the Markov level. The derived equations open up the possibility to study dynamical processes also at elevated temperatures below the LO phonon threshold. Numerical calculations without an external magnetic field show a pronounced impact of LA phonons on the distribution of resonantly excited excitons on the 1s parabola, revealing that they introduce a significant occupation of states with higher kinetic energies in addition to the redistribution caused by quantum many-body effects due to the scattering of excitons with the localized impurities in DMS. In contrast to the inelastic phonon scattering, which always induces transitions to states with different energies, the exciton-impurity exchange interaction is an elastic process and is therefore single-particle energy conserving when it is treated as a Markovian process. Although a phonon impact on the time-and energy-resolved exction distribution can also be seen using the quantum kinetic theory, it is found that the quantum kinetic redistribution enabled by a many-body correlation energy is the dominant process.
Considering a broad initial distribution of hot excitons as, e.g., generated by above band-gap excitation and subsequent LO phonon emission, reveals a more prominent role of LA phonon emission since states with lower energy become available. For these situations, the quantum kinetic redistribution is found to be greatly assisted by the phonon scattering, which leads to an increased broadening especially on the low-energy side. Together, both scattering mechanisms provide an efficient pathway for the conversion of optically dark excitons to bright states.
Despite the clear influence of phonons on the exciton occupation, the phonon influence on exciton spin-transfer rates for the case of resonantly excited excitons is found to be completely negligible over a wide range of temperatures and doping fractions when the exchange interaction between excitons and impurities is treated on a quantum kinetic level. If the exchange interaction is treated as a purely Markovian process without any memory, LA phonons do in fact increasingly inhibit the spin-transfer at elevated temperatures since they only cause spin conserving scattering and therefore provide a competition to spin-flip interactions.
Compared to a resonant excitation scheme, hot excitons show a significantly longer spin lifetime, making them promising for the protection of information stored in the spin degree of freedom. This long spin lifetime is related to the decrease of the exciton form factor with increasing exciton kinetic energy, thus causing significantly smaller spin-transfer rates. For these situations, quantum kinetic effects are strongly reduced so that a Markovian treatment of the spin transfer can be justified. Finally, phonons cause an increase of the spin-transfer rate for hot excitons in both considered theoretical models, albeit on a rather small scale.
No. AX17/10-1. ηK1 for the magnetic and nonmagnetic interaction, respectively. The notation is chosen such that l ∈ {1, 2, 3}, α ∈ {0, 1, 2, 3}, and η ∈ {η e , η h }. Explicit expressions regarding the definition of the all the above variables can be found in Ref. 6 .
If the coupling to LA phonons is treated on the Markovian level and crossterms between different interactions are disregarded, the quantum kinetic equations of motion become modified but no new dynamical variables have to be introduced. The modified equations including the phonon scattering read 
where φ 1s := R 1s (r = 0) is the radial part of the 1s exciton wave function evaluated at r = 0. The factor I = 3/2 stems from the projection onto the quantum well and the exciton form factors are given by 
